The existing traditional drinking water disinfection technology relies mainly on chlorine disinfection alone, which has high disinfection efficiency and can effectively inactivate most of the microorganisms in the water. However, it produces a series of harmful disinfection by-products (DBPs). Therefore, it is very necessary to study an efficient and environmentally friendly disinfection technology for drinking water. For this purpose, a novel continuous-flow ultrasound (US)/chlorination water treatment system was designed and developed. Escherichia coli (E. coli), Bacillus subtilis (B. subtilis), and Staphylococcus aureus (S. aureus) were selected as indicators of water treatment effects to (1) investigate the disinfection effects of different bacteria by US treatment alone at different single or dual frequencies; (2) explore the disinfection effects of US pretreatment with 8 mg/L NaClO on different bacteria to assess the promoting effects of US pretreatment; and (3) identify the optimum system process to satisfy the national standard for drinking water quality. Results showed that the dual-frequency US had better inactivation effects compared with single-frequency US, although it could not achieve an ideal disinfection level (complete disinfection). Further, 17 + 33 kHz dual-frequency US pretreatment had obvious enhancement of the disinfection efficiency, where 3.85 (E. coli), 3.65 (S. aureus), and 3.52 (B. subtilis) log reduction were achieved when 8 mg/L NaClO disinfection lasted 10 min, and finally all three bacteria achieved 4 log reduction after 30 min. Moreover, the treated water satisfied the Chinese national standard for drinking water quality, in which the residual chlorine concentration was below 4 mg/L. The utilization efficiency of disinfectant was improved approximately 40% by 17 + 33 kHz US pretreatment.
Introduction
Water is considered as the indispensable and the most important substance for human survival and development. Human health is closely correlated with water quality. Thus, if water was contaminated by microorganisms, various deadly diseases could be spread among humans, causing human disaster. The statistics of the World Health Organization (WHO) suggested that at least five thousand people around the world die of diarrhea diseases caused by water pollution each day [1] . Therefore, the disinfection of drinking water plays a critical role in the prevention and the control of waterborne diseases. At present, the vast majority of water treatment plants still use traditional water treatment technology of coagulation, sedimentation, filtration, and chlorine disinfection. However, with the increasing pollution of water bodies, the appearance of some chlorine-tolerant microorganisms leads to the need for higher chlorine content or longer disinfection time during water treatment. This results in the increased formation of carcinogens like chloroform and chlorophenol, causing possible public health risks [2] [3] [4] . Moreover, certain bacteria tend to form bacterial aggregates in the water. Thus, the chlorination disinfection method can only inactivate bacteria on agglomerate surfaces, while the bacteria in innermost areas remain intact [5] . For this reason, researchers are committed to looking for safer and more superior disinfection methods to replace or improve the traditional chlorine disinfection technology.
Since the 1970s, various advanced water treatment technologies have emerged, e.g., ozonation, ultraviolet (UV) irradiation, photo-catalytic disinfection, and cavitation disinfection [6] [7] [8] [9] . At present, some water treatment plants have already introduced new disinfection technologies. However, the chlorine disinfection method is difficult to completely replace in the short term since the operating costs of other disinfection technologies are too expensive, the operation steps are too complicated, and the disinfection effect is not as good as that of the traditional chlorine disinfection method. Therefore, it is important to improve the current method of chlorine disinfection, thereby reducing the dosage of chlorine used on the basis of the guaranteed disinfection efficiency. To avoid the disadvantages of the current chlorine disinfection techniques, there has been much research reporting on combining multiple technologies for disinfection, in particular, the combination of physical and chemical disinfection methods. For example, chlorine dioxide or ozone have been combined with UV or ultrasound (US) [10] [11] [12] [13] [14] . K.K. Jyoti et al. [15] studied the disinfection effects of hybrid technologies, which included acoustic cavitation, hydrodynamic cavitation, and treatment with chemicals (e.g., hydrogen peroxide and ozone). Results showed that a disinfection efficiency over 90% was achievable by combining acoustic cavitation, hydrodynamic cavitation, and hydrogen peroxide. Hybrid technologies are far superior to any individual physical treatment technology for water treatment. By using these hybrid technologies, the generation of poisonous by-products can be significantly reduced.
Ultrasonication, an environmentally-friendly technology producing no by-products, has gained much attention since the use of ultrasonic techniques was proposed for bacteria inactivation [16] . Most researchers hold that the disinfection effects of US treatment result from acoustic cavitation, which leads to chemical, mechanical, and heat effects. Acoustic cavitation can produce shear forces, shock waves, and micro-jettings; meanwhile, it can release large amounts of energy and generate highly reactive radicals (H· and OH·) as well as strongly oxidant hydrogen peroxide (H 2 O 2 ), which are enough to damage bacteria [17] . However, using US treatment alone is not only difficult to ensure the complete disinfection, but also needs to consume huge amount of electricity for large-scale disinfection treatment [5, 18] . Thus, it is necessary to research the combined technology of US and other technologies in water disinfection.
Based on previous research, the combination of US with chlorine compounds (namely, chloramine, chlorine dioxide, and hypochlorite) can reduce the dosage of chlorine as compared to using chlorine disinfection alone at the same disinfection efficiency. Besides, it can reduce or prevent the formation of disinfection by-products [3] . Although bacteria inactivation through the combined technology of chlorination and US has received extensive attention and many related experiments have been conducted, the majority of the experiments were conducted in laboratory environments with single-frequency US in a batch process [19] . Besides, the previous research primarily investigated only one species of bacteria [4, 20] . There has been no study on water disinfection against different bacteria in a pilot scale under the conditions of dual-frequency US and continuous flow. Thus, three species of bacteria with different shapes and cell walls, namely Escherichia coli (E. coli), Staphylococcus aureus (S. aureus), and Bacillus subtilis (B. subtilis), were selected for investigation. E. coli is a type of rod-shaped, gram-negative bacterium, commonly existing in the feces of animals and humans. If E. coli is found in the water, this means that the water may have been contaminated. Thus, it is usually selected as a microbial indicator in wastewater treatment plants in China. S. aureus is a type of gram-positive coccus, which is ubiquitous in the environment and capable of producing digestive diseases by the secretion of staphylococcal enterotoxins [21] . Thus, S. aureus is usually studied in drinking water treatment [22] . B. subtilis is a type of rod-shaped, gram-positive bacterium that can form endospores to protect itself from inactivation, showing resistance to common disinfection methods. Since B. subtilis has similar characteristics to Cryptosporidium, it often serves as an indicator of Cryptosporidium to evaluate the disinfection efficiency [23, 24] . Adding another frequency with extra transducers, the size and lifetime of cavitation bubble increase significantly with a relatively slight decrease in the collapse temperatures and pressures. Hence, the dual-frequency reactors can exert better control over the cavitation activity and also increase the effective cavitation-active volume of the reactor as compared to single-frequency reactors [25] .
In this paper, a novel continuous-flow US/chlorination water treatment system was developed and tested at a pilot scale. The aims of this study were (1) to investigate the effects of US treatment on different bacteria; (2) to assess the disinfection effects of the system on different bacteria by the pretreatment of ultrasound; and (3) to find the system optimum operation conditions that could satisfy the Chinese standard for drinking water quality (GB 5749-2006) in terms of the residual chlorine concentration (below 4 mg/L) and complete disinfection (pathogenic microorganism were not detected).
Materials and Methods

Preparation of Simulated Water Samples
Bacterial strains of E. coli (CMCC 44825), S. aureus (ATCC 29213), and B. subtilis (CMCC 63501) were supplied from the School of Biology and Biological Engineering, South China University of Technology, Guangdong Province, China (purchased from Guangzhou Testing Center of Industrial Microbiology, Guangzhou, China). The 1 mL of bacterial strains stored at −80 • C was incubated overnight at 37 • C in a nutrient agar plate with the spread method. After incubation, a loop of bacteria was inoculated into 50 mL of nutrient broth and then incubated in an air bath shaker incubator overnight (37 • C and 200 rpm for 12 h) to prepare the bacterial suspensions. Subsequently, according to national standard methods, it was directly inoculated into tap water (the total number of colonies was about 80 CFU/mL and the residual chlorine concentration was about 0.7 mg/L) without washing out the culture medium to obtain a bacterial concentration of about 10 4 CFU/mL [26] . Three different simulated water were used, namely simulated water separately containing E. coli, S. aureus, and B. subtilis. Finally, the pH of the water sample was adjusted to between 7.4 and 7.6.
The Continuous-Flow Ultrasound/Chlorination Water Treatment System
A self-designed and manufactured continuous-flow water treatment system is illustrated in Figure 1a . The system primarily consists of a 50 L container for untreated water, chlorination reactor, treated water container, ultrasonic reactor, centrifugal pumps, chemical disinfectant container, as well as a rotameter. All materials are stainless steel, and each part is connected by pipes. Different disinfection processes can be selected by adjusting ball valves, including US treatment alone, chlorine disinfection alone, or a combination of US and chlorine.
The ultrasonic reactor was a flow cell with rectangular shape (length × width × height = 0.22 m × 0.12 m × 0.70 m), installed with a jacket for temperature control. Each ultrasonic reactor was equipped with ultrasonic transducers of two different frequencies (reactor I: 17, 33 kHz, reactor II: 70, 100 kHz). Each group of ultrasonic transducers mounted on the reaction reactor wall was controlled independently by a switch. Thus, the ultrasonic reactor could work at single or dual-frequencies. The input power of ultrasonic transducers was adjustable in the range of 0 to 350 W. In order to minimize the region of inactive ultrasound and improve the uniform distribution of energy to the largest extent, ultrasonic transducers were installed on both sides of each ultrasonic reactor in a non-concentric manner, as shown in Figure 1b . Moreover, the designed ultrasonic frequencies satisfied the condition that the distance between the reflecting face and vibration source was the integer multiple of the ultrasonic half wavelength. Thus, the propagation of US was vertical to water flow direction, leading to a strong transverse mixing of the reactants instead of convective mixing, and forming a reverberant ultrasound field that was steadier and with a greater-range distribution of sound energy.
A jet impact mixer was mounted on the chlorination reactor. The high-energy liquid flowing from the centrifugal pump was injected into the bottom of the tank by the jet impact mixer at a higher speed, making the chemicals disperse evenly and contact with the water fully, increasing the mass transfer effects. As a result, the amounts of chemical reagents and the reaction time were reduced. Moreover, exposure time was regulated by selecting the outlet ball valve at different heights from the reactor bottom.
Water 2018, 10, x FOR PEER REVIEW 4 of 13 speed, making the chemicals disperse evenly and contact with the water fully, increasing the mass transfer effects. As a result, the amounts of chemical reagents and the reaction time were reduced. Moreover, exposure time was regulated by selecting the outlet ball valve at different heights from the reactor bottom. 
Experimental Procedures
In this study, the disinfection efficiency on E. coli, S. aureus, and B. subtilis was compared to evaluate the continuous-flow US/chlorination water treatment system. The experiments were conducted in two ways, namely by US treatment alone, and by the combination of ultrasound pretreatment and NaClO processing. Furthermore, the optimum operation conditions of the continuous-flow US/chlorination water treatment system were determined. All experiments were performed at least in triplicate.
US Treatment
The effects of US treatment alone on the inactivation ratios of three bacteria were investigated. For US treatment alone, the simulated water sample was delivered into the ultrasonic reactor at flow rate 30 L/h from the untreated water container by centrifugal pump, and then the disinfection processes were carried out at different single frequencies (namely, 17 kHz, 33 kHz, 70 kHz, and 100 kHz) and dual-frequencies (17 + 33 kHz, 70 + 100 kHz), respectively. Samples of 100 mL were taken from the ultrasonic reactor exit during US treatments of different periods of time (t = 5, 10, 15, 20, 30, 40, 50, 60 min) and then analyzed by the plate counting method with a nutrient agar plate. A series of experiments were carried out at the power density of 20 W/L.
The Combination of US Pretreatment and NaClO Processing
The inactivation ratios of US pretreatment followed by NaClO (8 mg/L) at different single and dual-frequencies mentioned above (17 + 33 kHz, 70 + 100 kHz) for three species of bacteria were evaluated, respectively. Simulated water was pretreated with US with single or dual frequency at the ultrasonic reactor for 10 min and then flowed into the chlorination reactor with rationed NaClO, in which chemical disinfection took place. NaClO (8 mg/L) disinfection alone was carried out as a series of control experiments. All experiment samples were brought out from the outlet valves of the chlorination reactor during chlorination for a period of time (t = 5, 10, 15, 20, 30 min). The experimental conditions were disinfectant flow rate of 30 mL/min, water flow rate of 30 L/h, and input ultrasound power density of 20 W/L. 
The Optimum Disinfection Conditions
Experimental Procedures
US Treatment
The Combination of US Pretreatment and NaClO Processing
The inactivation ratios of US pretreatment followed by NaClO (8 mg/L) at different single and dual-frequencies mentioned above (17 + 33 kHz, 70 + 100 kHz) for three species of bacteria were evaluated, respectively. Simulated water was pretreated with US with single or dual frequency at the ultrasonic reactor for 10 min and then flowed into the chlorination reactor with rationed NaClO, in which chemical disinfection took place. NaClO (8 mg/L) disinfection alone was carried out as a series of control experiments. All experiment samples were brought out from the outlet valves of the chlorination reactor during chlorination for a period of time (t = 5, 10, 15, 20, 30 min). The experimental conditions were disinfectant flow rate of 30 mL/min, water flow rate of 30 L/h, and input ultrasound power density of 20 W/L.
The Optimum Disinfection Conditions
In order to find the optimum disinfection conditions of the continuous-flow ultrasound/chlorination water treatment system that could satisfy the national standards for drinking water, the most effective disinfection process was selected according to the above experimental results to study the effects of different power densities (15, 20, 25 , 30 W/L) and initial chlorine concentrations (2, 4, 6, 8, 10 mg/L) on disinfection efficiency, and the residual chlorine concentrations.
Analytical Methods
Microorganism Inactivation Analysis
The initial concentration of NaClO was determined by the iodometric method. The residual chlorine's concentration was measured with the method of N,N-Diethyl-p-phenylenediamine spectrophotometry according to the Chinese national standard GB/T 5750. . All the mentioned NaClO dosages were the average available chlorine (free chlorine) contents.
After the disinfection experiments, the samples were taken from the outlet valve, and immediately one drop (~0.05 mL) 0.1 mol/L Na 2 S 2 O 3 was added to terminate the reaction. Subsequently, the plate counting method was used to count the number of viable bacteria. Then 1 mL of each sample was serially diluted 1:10 with 0.9% sterile saline solution to appropriate concentrations, and then each 0.1 mL diluted sample was added on a dried aseptic nutrient agar plate. The same batch of medium plates without bacteria inoculation were set as a negative control group. Plates were incubated at 37 • C for 24 h under atmospheric conditions and the number of colony forming units were calculated based on standard methods (the detection limits of bacteria are 0-150 CFU/mL). Bacteria quantity in the original sample was calculated by:
where N denotes the quantity of total colonies (CFU/mL); d i denotes the dilution factor; and n denotes the mean quantity of colonies for a dilution. Each sample was carried out in triplicate, and their average value was used as the final result. The inactivation ratio took the form of log(N 0 /N), where N 0 denotes the quantity of available microorganism before the disinfection treatment.
Statistical Analysis
Statistical analysis was done with the SPSS Statistics software v22 (IBM Co., Armonk, NY, USA). All experimental data were analyzed using analysis of variance (ANOVA) or Tukey test. Probability values (p-values) < 0.05 were considered statistical significance.
Results and Discussion
US Treatment of Bacteria
Disinfection Efficiency of Single-Frequency US
The inactivation ratios of different bacteria were investigated at different single-frequency US, and the results are shown in Figure 2. A maximum of 1.65 (70 kHz), 1.44 (17 kHz), and 1.24 (17 kHz) log reductions were achieved after 60 min US treatment for E. coli, S. aureus, and B. subtilis, respectively. Overall, single-frequency US treatment alone could not achieve an ideal disinfection level. As can be seen in Figure 2 , the log reduction was very small in the first 10 min of US treatment. However, the log reduction began to grow rapidly after 15 min of US treatment, then growth remained steady after 20 min (p < 0.05). It is likely that the energy produced by US was mainly used to disperse or break bacterial aggregates in a short initial time, so the disinfection effect was poor. It is noteworthy that there had been a slight decrease in the log inactivation ratio in the first 5 min of US treatment for S. aureus and B. subtilis, and the decrease in log inactivation ratio was higher at a lower frequency than at a higher frequency. This is likely because both S. aureus and B. subtilis are gram-positive bacteria and their cell walls are thicker than the gram-negative ones; moreover, the lower frequency US can generate larger cavitation bubbles, which results in higher energy released to disperse the bacterial aggregates, but not enough to damage S. aureus and B. subtilis in a short period of time [20] . Thus, the increase in bacterial number and the log reduction presented negative growth in the initial stage of US treatment. Conversely, the higher frequency US can generate not only mechanical shear forces but also more free radicals (H· and OH·) and strong bactericide H 2 O 2 than lower frequency US [4] . Thus, the disinfection efficiency of S. aureus and B. subtilis was higher in the first 10 min at higher frequencies (70 kHz, 100 kHz) US treatment compared with that at lower frequencies (17 kHz, 33 kHz). However, the disinfection efficiency of low-frequency was gradually higher than that of high-frequency over time. This was due to the decrease in mechanical effects generated by the acoustic cavitation with increasing frequency. A noteworthy fact is that the disinfection effects increased first and then decreased with the increasing ultrasound frequency for E. coli. However, the disinfection effects of S. aureus and B. subtilis both were reduced with the increase of frequency. This suggests that the disinfection effects of E. coli were mainly dependent on the joint action of mechanical and chemical effects generated by the acoustic cavitation but mainly on mechanical effects for S. aureus and B. subtilis. 
US Pretreatment of Bacteria
As mentioned above, it is hard to satisfy the requirement of inactivation by US treatment alone. Figure 2 presents the results of dual-frequency US treatment alone at different frequencies (17 + 33 kHz, 70 + 100 kHz). It can be seen from the figure that higher disinfection efficiency was achieved at dual-frequency US compared with the corresponding single-frequency US (p < 0.05). However, the disinfection efficiency of the combination of 70 + 100 kHz dual-frequency was still lower than the disinfection efficiency of 17 kHz and 33 kHz single-frequency for S. aureus and B. subtilis. This was because although dual-frequency US can produce uniform cavitation, the mechanical effects generated by the combination of high-frequency were still less than lower single-frequency US. After the dual-frequency US treatment of 17 + 33 kHz for 60 min, 2.13, 1.72, and 1.54 log reductions were finally achieved for E. coli, S. aureus, and B. subtilis, respectively, which were increased by 10.8%, 38.7% and 55.8%, respectively, compared with the situation of 70 + 100 kHz dual-frequency US treatment. This is attributed to the fact that the combination of 17 + 33 kHz could obtain more of the cavitational yield and generate stronger mechanical effects compared with the combination of 70 + 100 kHz. Moreover, more negative growth of log inactivation ratios was observed at dual-frequency compared with single frequency in the first 5 min US treatment for S. aureus and B. subtilis. This was because the use of multiple frequency US irradiating sources could achieve more uniform and intensive cavitation in comparison with the use of single frequency US sources [28] ; moreover, more free radicals (H· and OH·), strong bactericide H 2 O 2 , and stronger shear forces were generated by dual-frequency US. According to the previous study, the energy efficiencies of cavitational conversion generated by a dual-frequency operation is approximately four times that of a single-frequency operation under the same conditions [25] . Although dual-frequency US could increase disinfection efficiency, it still could not achieve complete disinfection alone, namely 4 log (initial bacterial concentration of about 10 4 CFU/mL) based on the requirements of the Chinese national standard GB 5749-2006.
Disinfection Efficiency of Dual-Frequency US
US Pretreatment of Bacteria
As mentioned above, it is hard to satisfy the requirement of inactivation by US treatment alone. Thus, the disinfection effects of US pretreatment combined with chlorination disinfection with 8 mg/L NaClO on different bacteria under different frequencies were investigated. Figure 3 shows the inactivation ratio of E. coli, S. aureus, and B. subtilis during NaClO disinfection after US pretreatment of different frequencies, respectively. Compared with the results of the control group (8 mg/L NaClO), all results indicate that the inactivation rate of the three species of bacteria had been obviously improved with US pretreatment (p < 0.05). It can be seen from Figure 3 that the log inactivation ratios slowly increased at the initial stage of NaClO disinfection alone for E. coli, S. aureus, and B. subtilis, namely there was a lag phase [27] . It is likely that due to the formation of bacterial aggregates in the water, NaClO could only destroy bacteria on cluster surfaces but the bacteria in the innermost areas remained intact. Furthermore, it is widely considered that B. subtilis can form spores to protect bacterial inner core area from being damaged, and they are inactivated only after the outer layer of the spore has been damaged to a certain degree. Therefore, B. subtilis has a longer disinfection lag phase as compared to E. coli and S. aureus. However, after 10 min of US pretreatment, the log inactivation ratio rapidly increased at the initial stage of NaClO disinfection (p < 0.05), in which 3.41, 3.24, and 3.04 log reductions were achieved when NaClO disinfection lasted 10 min for E. coli, S. aureus, and B. subtilis, respectively (17 kHz US pretreatment). This was due to the fact that the mechanical effects generated by the acoustic cavitation were able to disperse the bacterial aggregates and enhance the cell walls' permeability resulting in NaClO easily entering the bacterial interior. The log inactivation ratio finally achieved 3.84, 3.78, and 3.67 by 17 kHz US pretreatment for E. coli, S. aureus, and B. subtilis, respectively, and increased 1.43, 1.73, and 1.92 in log reduction compared with the control experiments, respectively. 
Optimization Operation
Based on the above results, the 17 + 33 kHz dual-frequency US pretreatment was employed by coupling with 8 mg/L NaClO processing, and it showed the most effective disinfection efficiency. Thus, this combination was selected to investigate the effects of different ultrasound power densities and initial chlorine concentration on disinfection effects, and the results are presented and discussed in the following section.
Effect of Input Power Density on Disinfection Efficiency
The inactivation ratios of E. coli, S. aureus, and B. subtilis in combining 10 min NaClO disinfection with US pretreatment with different input power density were tested. The testing results are displayed in Figure 4 . The results indicated that the log inactivation ratios were the lowest with US pretreatment at an input power density of 15 W/L. This was due to the fact that bacterial aggregates could not be completely dispersed or broken in a short period of time with a lower US input power density. Thus, as US input power density increased, the inactivation effect was remarkably improved under the same reaction time (p < 0.05). However, when US input power density increased from 20 W/L to 30 W/L, the disinfection efficiency of the three bacteria did not change significantly (p > 0.05). In the case of dual-frequency US pretreatment, similar results were obtained. The log inactivation ratios started at rapid growth pace at the beginning of chlorine reaction, and increased compared with the situation of corresponding single-frequency radiation, respectively (p < 0.05). Moreover, 3.85, 3.65, and 3.52 log inactivation ratios were achieved when NaClO disinfection lasted 10 min for E. coli, S. aureus, and B. subtilis, respectively (17 + 33 kHz US pretreatment). As indicated above, dual-frequency US could generate more uniform and intense cavitation. Additionally, it could easily disperse bacterial aggregates and break cell walls, which contributed to the rates of mass transfer of chemical disinfectants. Thus, more bacteria were inactivated by chlorine disinfectant and higher inactivation ratios were obtained in a short period of time, so the lag phase was shortened. In addition, because the combination of lower frequencies could release higher energy to generate stronger mechanical effects, 17 + 33 kHz US pretreatment with NaClO disinfection showed better disinfection effects than the situation of 70 + 100 kHz US pretreatment. However, the mechanical effects generated by 70 + 100 kHz dual-frequency US were less than 17 kHz and 33 kHz single-frequency US, so the effect of dispersing bacterial aggregates and disinfection efficiency were lower than 17 kHz and 33 kHz single-frequency US. All results showed that the log inactivation ratios of 4 were finally achieved by 17 + 33 kHz dual-frequency US pretreatment and the log inactivation ratios of E. coli, S. aureus, and B. subtilis increased 1.63, 1.98, and 2.32 compared with the control group of 8 mg/L NaClO, respectively.
Optimization Operation
Effect of Input Power Density on Disinfection Efficiency
The inactivation ratios of E. coli, S. aureus, and B. subtilis in combining 10 min NaClO disinfection with US pretreatment with different input power density were tested. The testing results are displayed in Figure 4 . The results indicated that the log inactivation ratios were the lowest with US pretreatment at an input power density of 15 W/L. This was due to the fact that bacterial aggregates could not be completely dispersed or broken in a short period of time with a lower US input power density. Thus, as US input power density increased, the inactivation effect was remarkably improved under the same reaction time (p < 0.05). However, when US input power density increased from 20 W/L to 30 W/L, the disinfection efficiency of the three bacteria did not change significantly (p > 0.05). This was likely due to the fact that the cavitation bubbles grew too large to be timely compressed to collapse under a larger US input power density, resulting in a weaker cavitation effect; moreover, a large number of cavitation bubbles were generated, which resulted in the fact that acoustic scattering attenuation was enhanced, and the effective utilization rate of sound waves was reduced. Thus, when US pretreatment input power density was 20 W/L, it could not only guarantee the disinfection effect, but also saved power consumption and cost. In the subsequent experiments, the power density of 20 W/L was selected as the test condition. This was likely due to the fact that the cavitation bubbles grew too large to be timely compressed to collapse under a larger US input power density, resulting in a weaker cavitation effect; moreover, a large number of cavitation bubbles were generated, which resulted in the fact that acoustic scattering attenuation was enhanced, and the effective utilization rate of sound waves was reduced. Thus, when US pretreatment input power density was 20 W/L, it could not only guarantee the disinfection effect, but also saved power consumption and cost. In the subsequent experiments, the power density of 20 W/L was selected as the test condition. 
E. coli S. aureus B. subtilis
Chlorine Consumption
The effects of chlorine dosages on disinfection efficiencies of the three bacteria were also investigated in this study. Figure 5 shows the inactivation ratios of E. coli, S. aureus, and B. subtilis (NaClO disinfection of 30 min) at different NaClO dosages. Overall, the inactivation effects were obviously enhanced with the increase in NaClO dosage (p < 0.05). For E. coli and S. aureus, the log reduction reached up to 4 with the NaClO dosage of 6 mg/L. However, the NaClO dosage of 8 mg/L was required to achieve a 4 log reduction for B. subtilis. The reason for this was that B. subtilis could form spores to protect itself, resulting in the increase in the dosage of chlorine required. Thus, the concentration of residual chlorine (after 30 min NaClO disinfection) at 8 mg/L NaClO was determined and then compared with the control group (chlorine disinfection alone). The results are shown in Figure 6 . As can be seen from the figure, the residual chlorine concentration in treated water could satisfy the requirements of the Chinese national standard GB 5749-2006 (below 4 mg/L) (the 
The effects of chlorine dosages on disinfection efficiencies of the three bacteria were also investigated in this study. Figure 5 shows the inactivation ratios of E. coli, S. aureus, and B. subtilis (NaClO disinfection of 30 min) at different NaClO dosages. Overall, the inactivation effects were obviously enhanced with the increase in NaClO dosage (p < 0.05). For E. coli and S. aureus, the log reduction reached up to 4 with the NaClO dosage of 6 mg/L. However, the NaClO dosage of 8 mg/L was required to achieve a 4 log reduction for B. subtilis. The reason for this was that B. subtilis could form spores to protect itself, resulting in the increase in the dosage of chlorine required. Thus, the concentration of residual chlorine (after 30 min NaClO disinfection) at 8 mg/L NaClO was determined and then compared with the control group (chlorine disinfection alone). The results are shown in Figure 6 . As can be seen from the figure, the residual chlorine concentration in treated water could satisfy the requirements of the Chinese national standard GB 5749-2006 (below 4 mg/L) (the health-based guideline value recommended by the WHO is 5 mg/L [29] ) with 17 + 33 kHz dual-frequency US pretreatment. Furthermore, the effective utilization rate of disinfectant was obviously improved compared with that of the control group (p < 0.05). In summary, the optimum disinfection operation is 17 + 33 kHz dual-frequency US pretreatment with 8 mg/L NaClO at 20 W/L. 
Conclusions
The disinfection efficiency on E. coli, S. aureus, and B. subtilis was compared in the novel water disinfection system that combines US with chlorination in a pilot scale. The optimum disinfection operation of system was investigated. The results indicate that neither single-frequency nor dualfrequency US treatment alone could achieve an ideal disinfection level. However, dual-frequency US 
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The disinfection efficiency on E. coli, S. aureus, and B. subtilis was compared in the novel water disinfection system that combines US with chlorination in a pilot scale. The optimum disinfection operation of system was investigated. The results indicate that neither single-frequency nor dual-frequency US treatment alone could achieve an ideal disinfection level. However, dual-frequency US could produce uniform and intensive cavitation in comparison with the corresponding single-frequency US, which was more conducive to dispersing the bacterial aggregates and enhancing cell wall permeability. After US pretreatment, the lag phase of chlorination disinfection was obviously shortened, and the disinfection efficiency was significantly improved. In addition, the optimum disinfection efficiency was shown in the combination of 17 + 33 kHz dual-frequency US pretreatment and 8 mg/L NaClO. All results could obtain the inactivation ratio of 4 log reduction within 40 min exposure time, namely almost complete disinfection. Moreover, all the treated water could satisfy the requirements of Chinese national standard GB 5749-2006 in terms of the residual chlorine concentration (below 4 mg/L). Furthermore, US pretreatment could obviously increase the effective utilization rate of disinfectant by 42.6% (E. coli), 39.4% (S. aureus), and 40.1% (B. subtilis) compared with that using NaClO disinfection alone, respectively. Optimum conditions of the system were 17 + 33 kHz dual-frequency ultrasound pretreatment and 8 mg/L NaClO with an input power density of 20 W/L for a 10 min reaction.
In summary, this study indicates that the application of a continuous-flow water treatment system combined with US pretreatment and NaClO disinfection is promising. However, further research is needed on the formation of disinfection by-products and effect of chlorination on the formation of disinfection by-products to fully assess the application prospects of US. 
